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U.  abstract  iMjtfir.i.m  200  A  O'dtl 

the  horizontal  plate  pri.ne  mover  iias  been  constructed  end  reported  at  the  fall 
meeting  of  the  ASA  in  Austin,  T>C.  Tnt.  analysis  of  horizontal  plate  therraoacoust ic 
engines  has  been  completed  and  submitted  for  publication  in  JASA  and  a  theoretical 
comparison  of  plane  and  radial  wave  thermoacoustic  engines  was  reported  in  Austin. 
Analysis  cf  vertical  plate  thermoacoustic  engines  has  recently  been  completed  and 
a  it.anuscript  is  being  reviewed.  I’reliminary  vertical  plate  prime  mover  results 
were  reported  at  the  spirne  meeting  of  the  »\SA  in  Washington,  DC. 
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EXPERIMENTAL  STUDIES  OF  RADIAL  WAVE 
THERMO  ACOUSTIC  ENGINES 

ANNUAL  REPORT 


BRIEF  DESCRIPTION  OF  ACCOMPLISHMENTS 

The  horizontal  plate  prime  mover  has  been  constructed  in  collaboration  with  Dr.  Aniott  at 


I'TC  V{(f>L.rM.N  l>«  ivwVaua  U(  £vvtiv,  ui<vi  r*ui‘  it.w  4  kwwM.Nkkvvi* 


of  .America  in  Austin,  Texas.^  The  analysis  of  horizontal  plate  thermoacoustic  engines  has  been 
completed  and  submitted  for  publication  in  the  Journal  of  the  Acoustical  Society  of  ATnericii,^ 


and  a  theoretical  comparison  of  plan 


Anomec  wri;,  rAnArN'i*?  in 


V  MltlA  ••C4«%  »44^  «  44*>,/V«V  ^«*V 


Austin.-  Report  was  also  made  at  Au.srin  of  a  previously  described  Helmholtz  resonator  prime 
mov'er.“  Analysis  of  vertical  plate  ihermoacoustic  engines  has  recetitly  been  completed  and  a 
manuscript  is  being  rcv'eweci.  Preliminary  vertical  plate  prime  mo\  er  results  w  e.'c  rcportcc!  ?.i 
the  spring  meeting  of  the  Acoustical  Society  of  America  in  W’ashingioiuDC.- 


L  Radial  Prime  Mover  Prototype 

A  schematic  of  the  radial  mode  prime  mover  s,tack  which  has  been  constructed  is  given  in 
Fig,  1  and  the  resonator  is  sliown  in  Fig,  2,  The  sy.steui  is  opuniizcd  for  a  gas  atixture  of  iVlff 
Helium  and  4f I'll:.  Argon  at  a  pressure  of  1  atrti  with  an  operating  frequency  uf  about  1.8  kHz. 
The  cylindrical  resonator  is  12  inches  in  diameter  and  4  inches  high.  The  outer  ring  is  aluniinu.m 
and  the  top  and  bo  .torn  plates  tue  stainless  steel.  Ihe  Stack  is  rnauC  oi  a  nViCa  coinpositc  vs'im  atr 
outer  diameter  of  10,346  inches  and  an  inner  diameter  of  9.362  inches.  The  theoretical 


rmalitv  factor  goes  to  infinirv 


-  fidcK  of -the  Ktack  at  v-'hich  th? 


svJij.'wi  iWi 1 4* .  a« ^  V4I1  i.Cf  vile V /  i,>  uv>^vatvi.>  »  iv,  uCj'C.  uuiii.. 


the  heat  exchanger  derign 

Based  ipr-n  some  pl.,ne  wave  prime  n-sver  cvr'eTiinen■^  at  the  Umver-itv  of  M;sxissir:“i 


next  to  the  stack,  the  initial  cold  heat  exchanger  design  consisted  of  copper  tubing  to  cool  the  top 
and  bottom  plates,  and  brass  screen  and  copper  tubing  to  function  as  a  sitr.plc  heat  exchanger. 
The  predicted  onset  temperature  difference  was  about  2(Kt  K.  This  design  proved  to  be 
os'ersimplified.  A  small  increase  in  the  quality  factor  of  tiic  system  was  measured,  but  the 
maximum  temperefure  difference  achieved  only  about  100  K.  tr.orc  conventional  vertica! 
plate  copper  he.at  exchanger  was  constructed  by  Dr.  Arnott.  The  predicted  onset  temperature  was 
about  275  K,  Although  the  capacity  for  heat  exchange  is  rriuch  greater  than  that  of  I'ue  former 
heat  exchanger,  the  attenuation  is  also  much  greater  as  is  evidenced  by  a  significtimly  larger 
onset  temperature.  Tl’C  greatest  temperature  difference  achieved  was  about  150  K. 

The  hot  side  is  heated  by  nichrome  wire,  and  tiiere  appears  to  t;t  no  problem  supplying 
enough  heat  in  this  way.  The  problem  we  ure  hating  in  maintaining  this  large  temper, ‘turc 
difference  across  a  short  distance  is  one  of  cooling  c.apability.  .Several  potential  problem^  have 
been  investigated:  tlicrnw!  conduction  across  the  stuck  through  the  U>p  and  bottom  plates  of  the 
re.sonator  and  radiation  from  the  nichrome  wire  through  the  stack.  When  the  hcater-srack-cold 
heat  exchanger  sy.sieni  is  removed  from  the  casing  and  covered  with  insulation  top  and  bottom 
(effectively  removing  thermal  conduction  ihroug'i  the  top  .«nd  bottom  plates),  the  largetn 
temperature  difference  achieved  is  180  K.  Therefore,  ctttting  down  heat  conducted  across  the 
resemator  plates  can  increase  eJT  by  up  to  30  K.  A  brass  screen  was  then  wrapped  around  the 
outside  of  the  stack  in  order  to  reduce  the  an:ou::t  of  radiaiiou  iraatmitted  .lerr.st  ne  suck  to  the 
cold  heat  c.xcliancer,  while  leaving  the  .system  out  of  tl.e  casing  and  insulated  on  top  and  bottom. 
TIjc  largest  temperature  difference  achieved  %vas  170  K.  Tite  lO  K  difference  between  the 
screened  result  and  the  non  screened  restsh  is  probc.bly  due  lo  tht*r.morot.'p!i*  placcnrcm. 
Therefore,  it  appears  tf-.at  radiation  is  not  significantly  contributing  to  the  heating  of  the  cold  heut 
exenanger.  ^  ■  - 

Since  the  trouble  js  dr.t*  to  a  dif  ftc'!!*'  ••'.etb’Kt-i'u*  thf  fr.u'i  rf  '*1’ 

^  .  ......  ^  ^  ^ 

attempt  bein^  ittaJe  reduce  this  quiuKit;..  Caki.latinus  Tiat  a  stack  identical  to  the 
preterit  ocic  res*  naUu  tuceiicrci  5*^  ii.vl'OS,  tlu*  siaCk  tiV*ru 


outside  the  pressure  node  to  inside  the  pressure  node,  will  retjuire  a  AT  of  65  K  for  air  at 
atniosphcric  pressure.  For  this  srrta!!  AT,  the  present  cold  he?.t  exchanger  c3p.  be  used  as  the  resv 
hot  heat  e.xchangcr.  It  remains  only  to  construct  a  larger  resonator  and  a  new  cold  heat 
exchanger.  This  will  be  accomplished  shortly. 


II.  Horizontal  Plate  Thermoacoustic  Engines 

A  paper  has  been  submitted  describing  the  full  theory  for  horizontal  plate  thermoacousiic 
engines,  including  application  to  thertnoacoustic.anv  enhanced  photonrniistir  snertrosconv  and  a 
theoretical  comparison  of  plane  and  radial  wave  prime  movers  and  rcfrige.'ators.^  Dr.  Arnott's 
report  gives  a  detailed  description  of  this  work. 

Ilf.  Thermoacoustic  Engine.s  with  Varying  Plate  Separation 

Swift  showed  for  parallel  plate  thermoacoustic  engines  that  the  uitruiuscuus'ic  effect  i> 
•-‘pt^mized  when  the  plate  spacing  is  roughly  twice  the  thermal  pcnetratio.n  depth. ^  Bennett 
realized  that  varying  the  plate  spacing  froin  the  cold  side  to  the  hot  side  of  a  themicacoustic 
engine  had  two  possible  benefits  (pp.  159-162  of  Rof.  7).  First,  it  allows  optinta!  thermal  tuniact 
between  the  fiiiid  and  the  engine  w-all  to  be  closely  approximated  throughout  the  engine.  '  since 
the  thermal  penetration  depdi  \’aries  with  temperature.  Second,  it  can  rcdsice  acoustic  losses  by 
matching  impedance.^  at  both  interfaces  of  the  engine  2S  in  2  Im.'d'pcskc.''  hor.".^  Bennett 
formulated  an  analytic  solution  to  the  problem  by  adopting  Sv.'ift’s  parallel  plate  wave  equation 
(Eq.  54  of  Ref.  6)  and  allowing  for  a  corstant  slope  between  successive  piates  t[;p.  I.il-i  32  of 


Ref.  7). 


Analyzing  Bennett  s  work  for  application  to  radial  wave  thennoacc>ustic  engines,  it  beCvime 


thermoacousiic  engines  havine  a  vurvinc  rlate  senaiavioni  Ron  correcilv  anoroacl  ed  this  isme  of 

'*■  *  *•■■  *^  »  J.  »  *  4  • 


fn  <ir;!er  iv'  c>;nc‘;;.  aciii  -vc  i  ■;  Hihat  t  pitviri;.’  li.r* r.iA  rn/ir.**,  a  ii!>n!uK*:ir  t.\ivv  i.r  h-. 

sinc^  t?j’.  t- i.ip'. iUiUi  V  •-ii.Si! ; ‘,'ii  1  i'.tit  ill  the  vTt i.5  not  iiuCCir  ■  p,  of  R-i.  . 


problem  while  considering  sound  propagaiion  in  luhcs  with  variab'e  cross-section  by  introducing 
the  changing  tube  cross-scctional  area  inio  the  wave  ocuation/*  as  in  Webster’s  horn  equation 
(Fq.  7-8.5  of  Ref.  10).  The  theory  of  sloped  engine  tl’.crtr.oacnustics  is  de.scribed  below  and  its 
effect  in  prime  movers  is  numerically  quantified. 

A.  “Shped"  engine  wave  equaiion 

The  thermoacoustic  wave  equation  for  the  pttr.il'el  plate  tltennoacoustie  engiae  of  Fig.  3  is 
given  by  Eq.  28  of  Ref.  1 1  to  be 


PO  i-F'  (A)  dpi 
F(X)«**lP0  dr 


+  2.i(a.,  ?.t)  (X.  }.t)  Pi  =  0  . 


<n 


where 


a,>  -£  fF(AT)/FU)-n  dtp 


(2) 


k-d/AT)  =  J~  cr  ijFfXr)- 

c2F(X) 


<3l 


F  (E)  =  f  -  Cl/EtO' )  tanh  (Y-ic/2)  . 


y  is  the  ratio  of  fluid  specific  heats,  (r}  is  the  ambient  fluid  density,  c  is  the  speed  of  sound  in 
the  fluid,  0)  is  the  oscillatory  angular  frequency  of  she  acoustic  variahlcs,  pn'rj  h  ihQ  acoustk 
pre.ssure.  P  i.s  the  cwffk  ient  of  lliennol  evpans-on  of  the  fluid,  a  is  the  Pranritl  number  of  the 


A  =  Slv/a.  , 


(6) 


\j  s  XVcf  =V2y/5>{  . 

6k  {(%>  ii'  thcmial  (viscous)  penetration  depth  in  the  fluid,  and  y  is  the  pkite  separation.  ' 

Figure  4  shows  a  thermoacoustic  engine  with  a  constant  slope  between  successive  plates. 
Bennett  accounted  for  a  sloped  engine  by  replacing  y  with  y  (ri  in  the  ptiriillcl  plate  vvuve 
eciuation  (Eq.  1),  where 


y  (r)  =  yo  +  sr  , 


Vrt  is  the  plate  separation  at  the  cold  (left)  side  of  il'.c  engine,  s  -  yi  -  yij ;  L  is  the  slope  of  the 


plates  relative  to  each  other,  L  is  the  engine  or  stack  length,  yi,  —  y  (1.)  is  the  p.uts  separation  at 
the  hot  (right)  side  of  the  engine,  and  r  is  the  distance  from  the  cold  (left)  side  of  the  engine. 

Adopting  Bennett's  method  of  allowing  for  a  constant  slope  between  .successive  plates,  a 
and  Ay  in  Eq  1  are  now  positio!'.  dependent  cuanti ties  since  y,')  has  been  replitcec!  b^'  v 
However,  examination  of  Ron's  v\  ork  with  tulses  of  varying  cross-section^  reveals  ilic  need  for  ,a 
fundamental  change  in  Eq.  1  for  sloped  engines  — ^  allowing  for  area  changes  within  individual 
pores  in  the  slack  as  in  Webster's  horn  rquafinn  —  in  .addition  lo  making  /.  and  /.t position 

dependent.  The  correct  wave  equation  for  stacked  plate  thermoacoustic  cnghics  w  ith  \arying 


plate  spacing  is 

Ap(.r)  F  (?.) 


(i  Apfr)  F  (' A>  dpi  ..i  *  dn!  ,  s,*,  »  ,  ^ 


where  is  the  cross-sectional  area  between  two  plates  at  a  location  r  (or  the  pore  cross- 
sectionaiharea)  m  the  engine  ilrKi  y  is  lepfaced  'Wim  y  /  in  A  a;:c  Ay:  ine  r.tuiai 

thermoacoustic  wave  eouation  can  be  !!cr;\e''!  wiih  ‘Spir)  bcititl  the  fadi:;!  pt'.^c  C!‘’';''-^cc!i''r;d 
area  and  is  identical  U' previous  results.-'' 


B.  Pressure  md  spcdfir  atrumic  impedance  diffcrenua!  equations 

The  derivation  to  follow  is  analogous  to  that  of  Ref.  1 1 ,  vt  ith  r  dependence  showing  up  in 
some  previously  constant  terms  due  to  Che  changing  cross-scctional  area  hctvvecn  ihc  plates. 
Define  as  a  pore  the  space  between  Iwo  plates.  Let  be  the  average  panicle  velocity  for  a 
panicular  pore  cross-section,  w  the  total  number  of  pores  in  the  engine,  Ares(F)  the  resonator 
cross-sectional  area  at  r.Ap(r}  the  cross- secfional  arcs  of  a  pore  at  r,  Vpf,  tl.c  hulk  velocity  for  the 
resonator  at  r,  and  0(r}  the  porosity  or  the  ratio  of  open  area  to  total  area  in  the  engine  at  r. 
Volume  velocity  is  Afe/rlVVi,  =  nApi r }Vr(ri,  but  S2(r)  =  nAp(r)'Ares('’h  therefore,  lyr)  = 

Vrlr0rl 

The  equation  of  motion  for  die  fluid  in  a  pore  is  given  in  Eq.  !.^  of  Ref  il  a.'  icopr.xdi'i  = 
FihHdpjidr}  which,  with  the  expression  for  vdji  above,  can  he  written  as 

i<!)po  .  ri)) 


With  the  definition  of  specific  acoustic  inipcdance 


:(r)  =  ri!lL, 

Vit,iri 


the  first  order  differential  equation  for  pres sine  h  fo«:i.d  fro;n  Eos.  9  and  10  to  l?e 


dpifri  ,  ptfrj 

■  -  =  iK(4.XT,»Zini«r»  '4- 


where 


(12) 


7.,.  = 


fl{r)F{X)k  (X,  h) 


Mri'’Ofinn  K  5nc**rtinr  Prtc  Q  10  1*^  ifitn  f*ii  R  VKifh  ll>P  ri'^nlt 

1  ric  inipcujnvv  Cv|«.4*iunii  in  (iCiiVwv*  l»j»  ***ov**»*‘j»  *-n*  . . . 


given  hy 


=  U=rUT«ln,(r)f!  -  i^5i^}z<r,.  (13: 

dr  I  zr„,(r)  L  dr  [q(j)  J 


Given  the  definition  of  Q'r)  above,  Eq.  13  can  also  be  '.vrltlcn 


,LZ„Z„.(r)  I  -  1^;  .  ^  lA„,.n:}  Z(r) 


C.  Prime  rnciver  resul:^ 

The  heat  exchanger  temperature  difference  (omet  temperanirc)  at  which  Q  -+  «  for  a  gi\'en 

,«  f)  '<c  »l.o  rocrtii •ifrvr  (iMotin'  f'A."Tr>r  <  ;in  Vv*  flA’ter^iur'd 

-. amnrCfTi  nClic  vAWiiiU>^vi  kitiuic.)  t*»*v*v  *.•  v»*v  « w...  hv 

by  integration  of  Eqi.  1 1  and  13.  Numerical  integration  of  similar  equations  is  described  in  Ref. 
2  for  radial  wave  prime  movers  and  in  Ref  1 1  for  plane  wave  prime  mo\  crs.  The  imegration  for 
sloped  stack,  plane  and  nidial  svave  p.ritnc  tltovers  wns  .achieved  by  ridaptin?  the  solution 
described  in  Refs.  2  and  1 1  such  that  the  varying  plate  spacing,  cross-sectiona!  area,  and  porosity 
were  included.  vi- 

Amort  er  a!  showed  fh?.?  for  parallel  plate  ihermoacoiKtic  engines  the  optimal  plate  spas,  ins 
occurs  when  ?vt  ~  3.2  (Ref.  i  1 ),  which  corresponds  to  a  plate  separation  of  2.26  Sk  (this  is  the 
plate  .separation  at  the  hot  end  of  the  engine,  .since  vt  7'  ~  3.2  ccirrcsponds  to  s  greater  puitc 
separation  at  the  hoi  end  than  tit  the  cold  end  i.  c\-  is  smrd’.cr  the  Cvsld  side  of  an  engine,  so  for 
an  optimally  sp.iced  paralici  plate  engine  tiic  pl.c.;  '-eparation  on  the  cold  side  is  greater  than  the 
plate  separation  which  v. ouU  acf.ic'.  c  ilic  hasl  liiO;',i;al  contact.  Dcfirii:  t.“ic  sirpe  fuiKi  ,i>  ihc  nuiC' 


of  ihe  actual  engine  slope  jf  to  the  slor  e  which  gives  optimal  thermal  contact,  where  optimal 
thermal  contact  slope  is  dctcmiinsd  by  setting  <7  =  at  the  hot  and  cold  ends  of  the  engine. 
Positive  (negative)  shpe  ratio  conesponds  to  a  wider  plate  spacing  at  the  hot  (cold)  side  of  the 
engine. 


D.  Plane  wave  resuhs 

Fig.  5  shows  numerical  calculations  of  AT,  tiic  onset  temperature  difference,  as  a  function 
of  slope  ratio  for  the  prime  mover  described  in  Tabic  1 .  Tne  re.sonator  vtoss- section  is  assunicd 
to  be  squ.irc  and  the  resonator  length  is  held  constant.  The  integration  is  initially  run  for  zero 
slope  to  determine  the  optima!  plate  spacing  for  a  parallel  plate  engine.  This  value  is  then 
assigned  to  yg  at  the  cold  side  of  the  engine.  As  the  slope  is  ch.anged,  the  plate  spacing  at  the  hot 
.side  of  the  engine,  >7.,  changes;  which  requires  one  cross-sectional  dimension  of  the  tube  on  the 
hot  side  of  the  engine  to  vary  due  to  the  spreading  of  the  engine  (the  other  itibc  diniCiiSir.n  is  also 
varied  to  maintain  .a  .sqtiare  gcnmetty'i.  Porosities  of  the  heat  excluangers  on  the  hot  and  cold 
sides  arc  held  constant  at  all  limes.  The  process  is  then  repealed  for  different  value?  of  yg  to 
detcnninc  the  lowest  onset  temperature  achievable. 

In  Fig.  5.  curve  a  provides  the  best  thermal  contact  between  the  fluid  and  the  solid  at  the 
cold  side.  If  thermal  contact  were  the  dominant  factor  in  decreasing  AT.  one  would  expect  ciirv'e 
a  with  slope  ratio  =  I  to  produce  the  lowest  pcs'.sibie  AT.  It  is  obviotis  thnt  this  is  not  the  case, 
since  for  curve  a  alone  the  lowest  AT  occurs  when  slope  ratio  ~  2  .5.  In  addition,  curves  h.  c,  d. 
and  e,  which  have  plate  spacings  greater  than  have  much  lower  ATs  than  curve  a.  The 

solid  dots  represent  the  minima  of  curcc.s  a  e  and  additional  data  sets  with  different  '.?.!i:es  of  v,;. 
The  lowc.st  AT  achievable  for  the  parallel  plate  engine  (carve  c  w  ith,  slope  ratio  =  0)  is  aixtut 
137,5*  C.  while  the  o%'eraIl  minima  (curse  d  witii  slope  ratio  «  7.g)  is  abstat  13  T  C,  so  a  c.irefiilij 
spaced  and  sloped  engine  decreases  the  tni.ct  temperature  for  this  system  by  appa^xiniaiely 
6.5*  C.  There  arc  :wo  additional  thine?  to  note.  First,  curv'c  d,  which  gives  the  lowest  At .  h.is  a 
wider  plate  spacing  at  all  points  than  the  lowoi  j/  parallel  plate  spacing.  Secorul.  die  slope 


ratio  which  gives  the  lowest  AT  in  cun'c  d  is  large,  so  a  smaller  fraction  of  the  fluid  is  in  good 
thcrnal  contact  with  the  solid  (see  Fig.  6  for  3  physic3!  picture).  The  .ihovc  oh.‘’.cr';atior.‘t  !c3d 
one  to  conclude  that  there  i.s  a  trade-off  between  reducing  acoustic  losses  via  impedance 
matching  using  sloped  stacks  (and  thus  changing  the  resonator  cross-section  on  the  hot  end)  and 
having  the  fiuid  in  goot!  thermal  contact  with  the  solid,  with  im.pcdar.ee  matching  being  the 
dominant  quantity  for  reducing  the  onset  temperature. 


TABLIi  1.  Sloped  stack  plane  wave  prime  mover  specifications,  “var"  denotes  quantities  which 
vary  with  engine  slope.  Ambient  temperature  is  239  K,  ambient  pressure  is  200  kPa,  and  the 
fluid  is  Helium. 


icohuc  the  effects  of  thermal  contact  and  impedance  matching.  One  of  these  pararnciers  is  tiie 
location  of  tlic  engine  ir  iiic  standiiig  w^-vc.  This  locaiion  Wa<  chusen  such  rh.d  it  pnciuce,!  t; 
mii’imom  AT  for  rhe  par.il!cl  plate  configuration  When  this  parameter  is  alKnved  to  cttaruc. 


even  lower  dFs  are  achieved  using  a  sloped  engine  by  sliding  ihe  iicas  exchanger  -  stack  -  heat 
exchanger  system  in  the  direction  of  the  he:  end  and  aP.O'.ving  the  plate  spacing  ar.'J  ik*ptr  to 
increase  h.n’or.d  that  wfiidi  gives  the  lowest  AT  in  the  original  Icxation. 


t.  Radial  wtivc  resuUs 

Radial  wave  prime  movers  with  "washer”  style  stacks  have  been  investigaiccio  and  are 
related  to  the  plane  wave  parallel  plate  engines  in  the  sense  that  both  have  a  constant  phiie 
spacing  from  one  side  of  the  stack  to  the  other.  Fig.  7  is  a  schematic  of  the  two  r.td:t*l  stacks 
being  compared  AT  for  two  different  radial  wave,  piirnc  movers  with  varying  plate  spacing  have 
been  plotted  against  the  xhpe  ratio  and  have  been  compared  w  ith  the  AT  achievable  using  a 
“washer”  st-le  engine  in  the  same  rcsona'ors  and  wjih  the  snrre  lengths  an<l  location''. 
Note  that  the  actual  slope  between  the  plates  in  the  radial  .system  is  completely  deterntined  by  the 
number  of  plates,  the  plate  thickness,  and  tl>e  radial  location  of  the  st.ick;  iherefore,  it  is 
impossible  to  choose  i>  cold  side  spacing  and  .xwt  i-n  through  a  ranee  of  slopes. 

The  first  radial  system  considered  ts  .a  scaled  version  of  the  plane  wave  system,  described  in 
i able  I  stich  that  tue  rcs*M!iiiii  uj  me  lavitoi  ciS  th.it  [he  plttnc 

resonator  (314  IIz)  The  dimensions  and  spccific.uions  of  the  314  Hz  radial  vertical  stack  syMcm 
arc  given  in  Table  2,  and  Fig.  8  shows  AT  as  a  function  of  slope  ratio.  The  minimum  AT 
calculated  for  the  vertical  phitc  prime  mover  is  !6f.!..0“C  cr5:np;:rc.i  to  a  lovv  of  161.  TC  for  the 
“washer”  style  engine.  The  second  radial  system  considered  is  a  mode!  presently  being  worked 
on  which  has  an  operating  frequency  of  about  !..^7  kHz.  Tne  dimensior.s  and  specitlcatior.'.  <»f 
the  1.37  kllz  radial  venica!  stack  sysietn  are  given  in  Table  3.  and  Fig.  9  shov.s  .IT  a  fnnc!io.n 
of  .slope  ratio.  'I'he  minimum  AT  calculated  for  the  vertical  plate  prime  mover  is  2?^,9'C 
compared  to  a  low  of  2.‘'.'t.4*C  for  the '‘washer”  style  engine. 

Jn  hotf»  or  tfie  ratii:;;  systems  cf'r.snjcrcn.  me  acviumcgc  oi  .n.-tvino  »  sHnn*«>  v’'c  »>'; 

rather  than  a  “washer  s-yle  engine  is  very  ."ni.t:!,  E’;.’.miin.iiion  of  Figs.  S  and  9  shows  that  Tadu.I 
sloped  engines  are  coifir.ed  to  extremciv  >".v  .%h,pv  nirio.s.  iT,.vre  than  a  rector  often  lower  ir.:.n 


the  sloptt  ratio  value  which  gives  a  minimum  J/'  fo:  tl’.e  plane  wave  eneir.e  of  Table  1.  'i  iiis 
means  that  the  spacing  in  the  radia!  vcrtica!  engines  considered  is  only  'lightly  different  than  the 
spacing  in  the  comparable  '‘washer"  style  engines.  A  higher  \slope  ratio'  is  achievable  b% 
decreasing  the  radial  distance  of  the  engine  from  the  center,  but  this  would  tend  to  move  tb.c 
engine  from  outside  the  prcs.surc  node  to  inside  the  pressure  node,  radially  resersing  the  rcKrivc 
locations  of  the  hot  and  cold  sides  of  the  engine  and  causing  the  increasing  slope  to  be  in  the 
wrong  direction.  Therefore,  the  small  advanuage  g.iincd  by  a  carefulK’  spaced,  vertical  plate, 

TilClUl  ptlluv  niOvvi  Uvtwi  4  \%a>llCA  Jw'l'.*  4av#v  ••  \/*  »**  tv 

might  be  necessary  in  construction  of  such  an  engine.  It  had  been  hoped  that  the  variation  in 
plate  spacing  intrinsic  to  the  r:idial  vertical  engine  (sloped)  geonieliy  would  be  advantageous; 
ho^^  ever,  due  to  decreased  control  of  the  slope  ;:.nd  phatc  spacing  corrjbi.n.ailon,  very  little  chartge 
in  ;iris  predicted  txtwcen  the  radial  vertical  engine  and  the  radial  "w  aslier"  style  (parade!  plate) 
encinc. 


I'ABLE  2.  314  Hr  radia!  prime  mover  specificaiiois.  "var"  denotes  quaniiiics  which  vary  w  ith 
engine  slope.  Ambient  temperature  is  293  K,  ambient  pressure  is  2<Xi  kPa.  and  the  fluid  is 
Heliurrj.  f.cngtlis  arc  radial  distances  (i.e.  there  are  162  cm  between  the  cemer  of  t!te  reson.ator 
and  the  inside  of  the  cold  hear  cxchanecr. 


Specification 

Open  Tube 

CnldHX 

Engine 

Hot  HX 

Open  T; 

t.€nglh  (cm) 

162.0 

2.0 

2.0;  , 

A 

Z4.U 

Height  (cm) 

.s.o 

5.fl 

5.0 

?-0 

5.0 

Porosity 

0.640 

var 

0.640 

•  1,0 

Phne  i  fiiCKness  minr; 

tern  to 
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TAFiLR  3.  1.37  kHz  radial  prime  mover  specifications,  “var"  denotes  quantities  uhich  vary 
with  engine  slope.  Ambient  temperature  is  293  K,  ambient  pressure  is  1  atm,  and  the  fluid  is  u 
5(K;  Helium  40%  Argon  mixture.  I^engths  arc  radial  distances  ti  e.  there  arc  10.62  cm  between 
the  center  of  the  resonator  and  the  inside  of  the  cold  hc.at  cxchancer. 


Specification 


Length  (cm) 

Height  (cm) 

Fontsity 

Plate  Thickness  (mm) 
Plate  Material 


Open  Tube 

Cold  ILX 

Engine 

HotHX 

Open  Tube 

10.62 

1.27 

1.25 

O.i 

2.0 

10.16 

10,16 

10.16 

10.16 

10.16 

1.0 

0.450 

var 

0.70 

l.O 

1.031 

0.1524 

1.0 

copper 

mica 

copper 

IV.  Therinoacnustlc  Helmholtz  Re.soR3tor 

The  constniction  of  the  thennoacousticnliy  driven  Helmholtz  resonator  of  Fig  10  was 
described  in  last  year's  report.  The  advantage  of  this  type  of  prime  mover  is  that  it  is  a  cxmpaii, 
low-frequency  sound  source.  The  operafing  freuiiency  of  this  small  prime  mover  i.s  about  220 
Hz.  Experiments  were  perfonned  using  a  conventional  copper  fin  cold  heat  exchanger  and  using 
a  section  of  cooled  open  lube.  Three  interesrifig  iltings  were  foand.  First,  the  optiitiui  wiCation  of 
the  heat  exchanger  -  stack  -  heat  exchanger  sy.s;cm  (the  location  which  gives  the  lowest  i  is 
such  that  the  first  obstruction  to  air  flow  occurs  at  the  point  where  a  unifoma  veloi.'ity  is  achieved 
in  the  body  of  the  resonator.  This  rxcurs  closer  to  the  top  for  the  coW  open  nr.g  tfuin  for  rJic 
copper  fin  heat  exchanger,  since  for  the  open  riiig  the  first  obstruction  is  the  stack  itself,  Ficures 


•  -  •  ..i  -  -  .  ,  ... 


locations  with  a  cold  heat  exchanger  and  v, eper:  cixding.  .Sretmd.  it  is  see',  from  Firmed 

U  and  12  that  the  open  tube  cording  cuts  down  acoustic  losses  and  requires  less  penser  to  K* 
delivered  to  the  nichrome  wire  heater  for  onset  to  occur,  ihird,  in  a  tc.'>t  of  optimal  or.r-maiion.  it 

w,T<  i’r.'»T  h'''vin;*  •hr*  of  'he  •'es.'r  •— *  ,,,  ..  ,i, , 
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hot  side  of  the  stack,  requires  a  much  lower  power  to  he  supplied  to  the  nichronie  wire  heater  for 
onset  (when  (?-♦«)  than  w  hen  the  neck  is  facing  down  (see  Fig. !  3). 

Another  accidental  but  interesting  f.r.ding  was  that  the  radial  prime  m.over  described  in  the 
previous  section  can  operate  as  a  thcrmoacoustically  driven  nelmholf/  resonator.  When  the 
temperature  difference  was  built  up  across  the  stitek  ?.nd  the  microphone  non  was  removed,  a 
weak  106  Hz  tone  (which  corresponds  ven.-  nicely  to  the  predicted  Helmholtz  resonance  for  this 
resonator}  was  heard.  :  : 


References 

A.  Lightfoot,  W*  P.  Arnott,  R.  Raspe:  and  H.  E.  Bass.  “Design  of  a  radial  mode 
thcrmoacoustic  prime  mover  and  experimental  observations.’  J.  Aeons'..  Sc>c.  Am.  96, 3221 
'  ■(f994).„ 

VV.  P.  Arnott.  J.  A.  Lightfoot,  R.  Raspel  and  H.  Moosmiillcr,  “Radta!  w  ave  thermoaccastic 
engines:  Theory  and"  examples  for  refrige’"'.tors,  prime  movers.  ?:td  Itigh-gain  narrow- 
bandwidth  photoacoustic  spectrometers,”  (in  preparation). 

W.  P.  Arnon,  J.  [.ightfoot,  R.  Raspet  and  H.  E.  Bass.  “Radial  versus  plane  wave 
thcrmoacoustic  engines;  Which  is  best?”  J.  Acoust.  Soc.  Am.  96.  3221  (1994). 

R.  Raspet,  !.  A.  Lightfoot,  S.  R.  Belcher  and  H.  E.  Bass,  “Thermoacoustic  sound  source  in 
tfie  Helmholtz  limit,”  J.  Acoust.  Soc.  Am.  96,  3221  (1994!. 

J.  A.  Lightfoot,  Richard  Raspet,  H.  E.  Bass  and  W.  Patrick  .Arnott,  “Pla".o  and  radial  wave 
thcrmoacoustic  engines  with  va.'iablc  plate  spacing.”!.  Acoust.  Soc.  .Am.  97. 3410  (1995). 

Cl.  W.  Swift,  “Thcrmoacoustic  engines,”  !.  Accast.  Soc,  Am.  S4.  1 145- 1  ISO  (I9Sb>i. 

Bennett,  “Active  cooling  for  downhole  instrumentation:  A  mini,uure  thcrmoacoustic 
refrigerator,”  di.sscrtaiion  frohi  the  University  of  New  Mexico  (1991). 

D.  E.  Hall,  Rr«/<’,4.:o»rr/rv.  (John  Wiley  and  Sons,  Inc..  .Sew  York.  1956)  2i!6-2ls9. 

N,  Rott  and  G.  Zoiizoulas,  *Thenr.;i'Iy  d.ri ven  acoustic  oscilh'ttio.is.  part  IV;  tubes  with 
A'ari.'iblc  cross-section,"  J.  Appl.  Math,  and  Phys.  27, 197-224  (1976>. 

I.  A.  D.  'Pierce.  Aitfustics:  An  introduction  lo  Its  Physical  Prlnriplc<^  and  AppU rations, 
(American  Institute  of  Physics,  New  York,  1959). 

.  W.  P.  Arnott.  II.  E.  Bass,  a.nc!  K.  Raspet.  “Generid  formulation  of  i!  cnito;':oi!.s!ics  for 
stacks  havine  .arbitruv  shaped  pore  cross  sections”!.  Acenis*.  Sac.  .Am.  9(h 
(1991). 


ADA297855 


Stack 


stainless  steel  top 
and  bottom  plates 


xd.  10.346  in.  o.d.  -  0.253  in.  o.d.  -  10.346  in. 

Ld.  =  9.362  in.  id  ^  0.120  in.  id  ^  9.362  in. 

ePnexs  "  0.006  in.  thicloicss  *■  0.015  in.  thickness  0.063  in. 


radial  stack  length  =  0.492  in.  1.25  cm 
.stack  height  4  in. 

#  of  mica  plates  -=-177 


ura  I:  Radial  mode  horizontal 


sfat  k  UilisitrilCtod  rtt 


I 

m  vf  t 


u..  r  m: 

'14%  <.#» 
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stack  of  plates 


cold: 


iue  geometry,  (a)  Overall  vie%s'.  and 
layers  have  tliH  kiie.';.s  y. 


ADA297855 


thickness  t,  fluid  layers  have;  thickness  y(r),  and  yo  is  the  fluid  layer  thickness  af  the  left 
side  of  the  stack 


(Oo)iV 
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lowest  overall  AT 


best  thermal  contact 
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E 


,  V  'ii’-rv-  ■v»>-  •••■»•  ••  ^  -.i  .;  .-;  i;.  >1  ;.•  /  •«■•.• -i.*”:'  ;•  .f'’'"J|t  ^  ^  ^  i  j,' 


lowest  parallel  plate  AT 


Figure  6;  Simple  visual  rcpresculatioii  of  plate  spacings  wLicb  provide  the  lowest  overall 
AT,  the,  lowest  parallel  plate  AT,  and  the  best  thermal  contact  between  the  fluid  and  the 
solid.  , 


AT(^) 
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Helmholtz  Resonator 


Cold  fix  or  piling  Ring 


I**,  Cdrdmii^:Si^ 


Nichrome  Wire  Heater 


power  dissipated  at  onset  (watts) 


Helmholtz  Resonator 

Without  Heat  Exchanger 


Neck,  Resonator 
Interface 


0  0.01  0.02  O.C»  0.04  0.05  0.06  0.07  0.08  0.09  0.1 

stack  location  (fraction  of  wavelength) 

Figure  11;  Power  in  nlchron'."  wire  heater  at  onset  frjr  differe.nt  stack  locations 

-  with  cooled  open  lube. 


power  dissipated  at  onset  (watts) 


Helmholtz  Resonator 

With  Heat  Exchanger 


Neck,  Resonator 
Interface 


0  0.01  0.02  0.03  0.04  0.05  0.06  0.07  0.08  0.09  0.1 

stack  location  (fraction  of  wavelength) 

Figure  12;  Powv-f  dissipated  hrnrehrorne  at  ORset  for  difforf-tn  stark  hjcations 

with  rf;t<!  he.-it  c:;ch.m!rcr. 


Helmholtz  Resonator 


0.05 


0.02- 


40  60  80  100  120  140 

power  dissipated  in  hot  wire  (watts) 


160  180 


A  N^ck  Dc^/n  Neck  Lio  j 


Figure  13;  l/Q  as  a  fufir.tion  of  tho  power  dissipated  in  the  nkhroiue  wire  for  two  u'lMoit-tu 
orieritat  ions  <jf  t  lie  rtaonator. 
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